We present a parametrization for the Dark Energy Equation of State "EoS" which has a rich structure. Our EoS has a transition at pivotal redshift zT between the present day value w0 to an early time wi = wa + w0 ≡ w(z >> 0) and the steepness of this transition is given in terms of the q parameter. The proposed parametrization is w = w0 + wa(z/zT ) q /(1 + (z/zT )) q , with w0, wi, q and zT constant parameters. This transition is motivated by scalar field dynamics such as for example quintessence models. Our parametrization reduces to the widely used EoS w = w0 + wa(1 − a) for zT = q = 1. We study if a late time transition is favored by BAO measurements and Planck priors. According to our results, an EoS with a present value of w0 = −0.91 and a high redshifts value wi = −0.62, featuring a transition at a redshift of zT = 1.16 with an exponent q = 9.95 is a good fit to the observational data. We found good agreement between the model and the data reported by the different surveys. A "thawing'" dynamics is preferred by the use of BAO data alone (including Lymman-α forest measurements) and a "freezing" evolution of the EoS is preferred when we include the priors from Planck. The constraints imposed by the available BAO measurements ([1-7]) and its physical behavior are discussed.
I. Introduction
We are in a very particular epoch of the cosmic history where the expansion of the Universe is accelerated due to an unknown energy component commonly referred to as Dark Energy (DE). There is strong evidence that supports an accelerated expansion coming from observations of Type Ia supernovae (SNIa) (Riess et al. 1998 [8] and Perlmutter et al. 1999 [9] ), cosmic microwave background (CMB) (WMAP Collaboration [10] , Planck Collaboration [11] ), large scale structure (LSS) (Tegmark et al. [12] , Cole et al. 2005 [13] ) and baryon acoustic oscillations ( [1-4, 7, 14, 15] ). According to the observations our Universe is flat and dominated at present time by this DE component. Among the proposals, models to parametrize the DE equation of state (EoS) as a function of redshift have arisen in the literature ( [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] ). The most popular among them is so called CPL parametrization, given by w = w 0 + w a (1 − a), widely used in many cosmological observational analysis. The value of the equation of state of DE is restricted by observations to be close to −1 (w = −1.019
+0.075
−0.080 according to the 95% limits imposed by Planck data combined with other astrophysical measurements [11] ). Nevertheless, the behavior and properties at different cosmic epochs is much poorly constrained by current observations. Therefore we are interested in studying w at a late time and see if a transition in the EoS takes place. The parametrization used here is w = w 0 + w a (z/z T ) q /(1 + (z/z T )) q , with w 0 , w a = w i − w 0 , q and z T for constant parameters. This EoS allows for a steep transition for a large value of q and the pivotal point is z T with w(z T ) = (w 0 + w i )/2 giving the middle point of the transition between w 0 and the early time value w i = w(z 1). This transition is motivated by scalar field dynamics such as quintessence models [30] and in [29] a new parametrization that encapsules the dynamics of DE was presented. However, in this work we use simpler structure for the EoS since we are interested in determining the late time behavior of Dark Energy using BAO measurements with Planck priors. Perhaps the best physically motivated candidates for Dark Energy are scalar fields with only gravitational interaction [30] [31] [32] [33] and special interest was devoted to tracker fields [33] , since in this case the behavior of the scalar field φ is weakly dependent on the initial conditions set at an early epoch, well before matterradiation equality. In this class of models a fundamental question is why DE is relevant now, know as the coincidence problem, and this can be understood by the insensitivity of the late time dynamics on the initial conditions of φ. However, tracker fields may not give the correct phenomenology since they have a large value of w at present time. We are more interested at this stage to work from present day redshift z = 0 to larger values of z, in the region where DE is most relevant. Interesting models for DE and DM have been proposed using gauge groups, similar to QCD in particle physics, and have been studied to understand the nature of Dark Energy [34] [35] [36] and also Dark Matter [37, 38] . The scientific community is devoting a large amount of time and resources to investigate the dynamics and nature of Dark Energy, working on current (SDSS-IV [39] , DES [40] ) and future (DESI [41] , Euclid [42] , LSST [43] ) experiments to study with very high precision the expansion history of the Universe and test interesting models beyond a cosmological constant or Taylor expansions of the equation of state of Dark Energy. This article is organized as follows: we introduce our basic cosmological framework in Section II, Section III details the analysis performed, the results obtained are in Section IV while Section V summarizes our Conclusions.
II. Methodology

A. Cosmology
We assume the validity of General Relativity and work within a flat Universe in a FRW metric. The Friedman equation can thus be expressed in terms of the redshift z as 
, introduced in equation 2 specifies the evolution of our DE fluid and accordingly, the rate of expansion of the Universe at late times, following the dynamics set by Equation 1.
B. Dark Energy Equation of State
We are concerned with the study of DE only at background level for this work and we model the DE equation of state (EoS) with the following parametrization: where w i and w 0 represent the value for w(z) at large redshifts and at present day, respectively whereas the function f (z) modulates the dynamics of this parametrization in between both values, and takes the values
One thing to be noted is that this EoS does not have a constant slope within the two regimes: w(z = 0) → w 0 , w(z >> 0) → w i , but it makes a transition between them at a redshift z = z t , taking a value of w(z t ) = w0+wi 2
. The parameter q modulates the steepness of the transition featured, as shown in Figure 1 .
In particular, for q ≥ 1 we can see a direct connection between the value of q and the steepness of the transition: the greater the value for q, the steeper the transition we will have. For q < 1 we have a very different behavior. As q → 0, w(z) performs an increasingly rapid transition from w 0 to ≈ (w 0 + w i )/2 at z ≈ 0 and continues to evolve with a nearly constant behavior regardless of the z t value, as seen in Figure 1 . This is obvious since lim q→0
and so lim q→0 w(z) = (w 0 +w i )/2. The parametrization in equation 3 includes the usual CPL parametrization ( [16, 17] )
as a particular case when q = 1 and z t = 1 but it allows for a richer physical behavior.
Clearly, taking w 0 = w i = −1, the cosmological constant solution is recovered. [40] and the main probe that will be used by future experiments like the Dark Energy Spectroscopic Instrument (DESI) [41] and Euclid [42] . Nevertheless a complete analysis should rely on the data provided by the recombination era, since the CMB provides the most accurate constraints on the cosmological parameters. This standard ruler is set by a particular size in the spatial distribution of matter which can be used to constrain the parameters in equation 3. The corresponding size, r BAO (z), is obtained by performing a spherical average of the distribution of galaxies both along and across the line of sight (Bassett and Hlozek 2010 [44] )
The comoving sound horizon at the baryon drag epoch is represented by s d and the dilation scale, D V (z), contains the information about the cosmology used in H(z):
While the sound horizon s(z d ) ≡ s d depends upon the physics prior to the recombination era, given by z d ≈ 1059 [11] and the baryon to photon ratio, R(z) ≡ , it is insensitive to the dynamics of the Dark Energy, which started to act recently and was highly subdominant at that epoch. D V (z) (7), on the other hand is sensitive to the physics of much lower redshifts, particularly to those censed by Large Scale Structure experiments. Such galaxy surveys often measure the distance ratio r BAO (z) as given by equation 5. However, it is also common to found the inverse ratio reported or measurements of the ratios [4] , [3] , [2] , [5] , [6] ) have measured this characteristic rule with increasing precision, providing a robust way to test the dynamics of DE through the study of the Large Scale Structure of the Universe. Upcoming experiments like DESI (Dark Energy Spectroscopic Instrument [41] ) will probe the effects of dark energy on the expansion history using the BAO signature.
III. Analysis
In agreement with the considerations detailed above this analysis will use the available BAO distance data which lies in the range z ∈ [0, 2.36] combined with the priors given by the CMB as reported by the Planck Collaboration ( P. A. R. Ade et al. 2015, [11] ). In order to work with the reported measurements of the BAO signature we used the χ 2 function defined in terms of some observational data points, D i , the related theoretical prediction, y(x i | θ) and the associated observational errors, σ i .
By minimizing this function, the best fit values for the parameters, θ, in the theoretical model are found. Associated to the value of the χ 2 function it is possible to define confidence regions in the parameter space to represent the standard 1σ, 2σ contours.
A. Observational data and numerical minimization
We make use of the observational points from the six-degree-field galaxy survey (6dFGS [1] ), Sloan Digital Sky Survey Data Release 7 and 11 (SDSS DR7 [2] and SDSS DR11 [3] ), the WiggleZ dark energy survey ( [4] ) and the Lymann α Forest (Lyα-F) measurements from the Baryon Oscillation Spectroscopic Data Release 11 (BOSS DR11 [5] , [6] ) as analyzed and reported by Gong et al 2015 [7] . Table I 0.0 0. 
FIG. 2:
The curves are color coded depending on the boundaries taken during the minimization. The intervals labeled as "BAO Ωm ", "BAO f ree ", "BAO + Planck", "BAO + P lanck Ωm " and "BAO + Planck 1σ" are represented by the dot-dashed (red), dashed (black), dotted (blue), solid (cyan) and long-dashed (green) curves, respectively. The magenta curve in the panels of column (b) represents ΛCDM.
summarizes them all. The associated D V (z) values are included in Table II .
Additionally to the free parameters in the equation 3 we also investigated the constraints on Ω m and H 0 (or equivalently h), resulting in the set θ = {w 0 , w i , z t , q, Ω m , h}. 
chose the results when the full CMB polarization was used (without adding lensing data). This is, we are using the Planck (TT + TE + EE + low P) values from the table 4 of [11] . The minimization of the χ 2 function was done within the boundaries indicated in Table III and using the  observational data from Tables I and II . The software Mathematica 10.1 was used to perform the constrained minimization numerically. The fiducial values for Ω m and h are denoted by Ω m = 0.3156 and h = 0.6727, respectively, corresponding to the central values as reported by [11] . We considered five different priors; for each one of the three different data sets (r BAO (z) including Lyα-F measurements, r BAO (z) without Lyα-F measurements and D V (z) data) we varied the free parameters of the EoS within the limits summarized in Table III using different intervals for Ω m and h:
1. "BAO+Planck" corresponds to fix Ω m = Ω m and h = h to the central values from Planck. 2. "BAO + Planck Ωm " corresponds to fix h = h but let Ω m to vary within ±1σ limits from Planck. . In order to asses the goodness of the performed fit we use of the so called reduced chi-square function, χ 2 red ≡ χ 2 /ν, where ν represents the number of degrees of freedom, defined to be the difference between the number of observational points, N, and
WiggleZ 0.44 [4] 1716 ± 83 0.60 [4] 2221 ± 101 0.73 [4] 2516 ± 68 SDSS-III DR11 0.32 [3] 1264 ± 25 0.57 [3] 2056 ± 20 Tables IV-VI where the best fit for the constrained parameters and the value for the chi-squared function are reported. Tables IV-VI also include the corresponding χ 2 value for ΛCDM, when Ω m and h were kept fixed to their fiducial values and the parameters of the EoS were reported in the form {w 0 = −1, w i = −1, q = 1, z t = 1} to represent w = −1. Additionally to the numerical minimization, a direct comparison of our results and the fiducial model (ΛCDM with the central values for Ω m and h from Planck) was made. In order to do so we computed the ratio of the functions r BAO and D V (z) when assuming each one of the best fit models resulting from the minimization to the corresponding value when the fiducial model (ΛCDM) is assumed. We report the results from that analysis in Figure 3 . The curves were plotted on top of the observational data with the associated relative error of the measurements. The gray bands were estimated by analyzing the change on the fiducial function when the cosmological parameters were changed by 1σ, twice and three times that quantity from their central val- 
FIG. 3:
Comparison of both the best fit models to the fiducial one and the measurements reported by the experiments when assuming ΛCDM. The curves are color coded depending on the boundaries taken during the minimization. The intervals labeled as "BAO Ωm ", "BAO f ree ", "BAO + Planck", "BAO + P lanck Ωm " and "BAO + Planck 1σ" are represented by the red, black, blue, cyan and green curves, respectively, and the gray bands represent the 1σ, 2σ, 3σ regions estimated as explained in the text.
ues.
IV. Results Table IV shows the results when we use r BAO (z) with Lyα-F data (hereafter referred to as "r BAO 9" indicating the nine data points in that set) . When we exclude the Lyα-F data points ("r BAO 7"), the corresponding best fit values are those listed in Table  V and finally, when we we used the measurements for D V (z), the results are those reported in Table  VI . The corresponding EoS curves are in Figure 2a and the ratio plots are shown in Figure 3 . From Table IV we see that the χ 2 value obtained for the parametrization 3 with the five different priors used is much smaller that the one in the LCDM case and the χ 2 red value is smaller than unity for all the results presented. The value for w 0 when we combined BAO and Planck data, lies very close to −1 and the values for the transition redshift obtained were large (z T > 1.16). The models follow a dynamic of the type called "freezing" ([45] , [46] , [47] , [48] ) given the central values for w i > −1 (although the ±1σ error limits allow for w i ∈[-2, 0] for the model "BAO + P lanck Ωm "). When only the BAO data was used, w 0 = −1 is excluded with 1σ of statistical significance, we got a central value for w i > −1 implying a dynamics of the type calle "thawing" ( [45] , [46] , [47] , [48] ), the transition redshift value is smaller (z T ≥ 0.37) and the fractional matter density preferred is larger than Ω m . The scenario q = z T = 1 is allowed by the 1σ limits for two models ("BAO + Planck" and "BAO + Planck 1σ"). The value for χ 2 increases with tighter constraints used in every prior, as to be expected. ΛCDM, but the χ 2 red value is not smaller than unity for all the models. The value w 0 = −1 is excluded at 1σ of statistical significance for all but one model ("BAO + Planck "). We do not find a clear separation of behaviors (freezing vs thawing) in the models, and we interpret this as a result of the much limited range of available data (0.106 ≥ z ≤ 0.73); the central value for the parameter w i is w i < −1 in all the models. The scenario q = z T = 1 is excluded with 1σ of statistical significance in all but two models: "BAO Ωm " and "BAO+Planck Ωm ".
One thing in common for these two tables is that, the larger the value for Ω m , the smaller the value for w 0 and the smaller the value for z T .
The models summarized in Table VI have a χ 2 smaller than that for ΛCDM although the difference is not as big as in the other two tables. We find an inverse behavior in the relationship Ω m − w 0 than in the previous results: for this models, the smaller the value for Ω m , the smaller the value for w 0 . Again, no clear distinction between "freezing" and "thawing" dynamics was found and the w 0 = −1 case is included at 1σ only for the models "BAO+Planck" and "BAO+Planck Ωm ". The case when q = z T = 1 is excluded by all the models except for the "BAO + Planck" one. In the set of results summarized in Tables IV-VI, we find that while the value for w 0 was fairly restricted, the data seems not to be very sensitive to the rest of the free parameters, in particular to the values for w i and z T within the tested range of those two parameters (Table III) . In Figure 4 we show the 1σ-2σ confidence regions for the w 0 -z T and w 0 -q spaces when the rest of the parameters were fixed to their best fit values assuming the models labeled as "BAO + Planck 1σ". The plots for q-z T represent the contours of χ 2 around the minimum when the rest of parameters were fixed to their best fit values. We understand this insensitivity to the value of the steepness of the transition as due to the short number of data points, which are not enough to fix the slope of the transition while the transition redshift cannot be too precisely fixed due to the limitation in the range of the measurements (z ≤ 2.36). With the increase in the number and range of future measurements, better constraints will be obtained. From Figure 2b we can see that all of our fits lie within the observational errors of the data points. In figure 3 we compared the obtained models to the corresponding ΛCDM model when only the information of the full CMB was taken into account (taking the fiducial model to be ΛCDM with Planck + TT+ TE+ EE+low P [11] ). The observational data points were also divided by the corresponding ΛCDM prediction and the error bars were constructed taking the relative error of each measurement. When the data sets of r BAO (z) were used (Figures (a) and (b) of 3), neither the curves of the best fit models nor the ΛCDM prediction agreed with the z = 0.32 measurement ( [3] ). The curves shown in the second panel of Figure 3 are contained within the observational error of the data points (except of the z = 0.32 measurement, as already discussed). The "BAO f ree " curve agrees only with z = 0.106, z = 0.44 and z = 0.73 data points. When the D V (z) data points were used instead, all the curves were contained within the observational data error bars, except for the point corresponding to the z = 0.15 ([2]), which is only in agreement with the "BAO M " curve. However, the results derived from this figure depend on the fiducial model chosen (Planck TT+TE+EE + lowP data from [11] ). To make a further analysis of the agreement between our parametrization and the ΛCDM model, we plotted the confidence curves around their minimum for both models. Those results are included in Figure 5 .
Generally speaking, when we restricted the values of Ω m and h to be within the boundaries of Planck, we see that the two set of contours are very compatible, which is not quite the case when we remove the boundaries and let Ω m and h to vary freely. In Figure 6 we analyzed explicitly the difference between adding or not the information of the CMB through the boundaries (±1σ) from Planck. We note that without the inclusion of Planck boundaries, the data prefers a higher Ω m value and lower h. In figure  7 we show the contours obtained by using different data sets both when including the Planck boundaries and letting Ω m and h to vary freely. We can see that the data sets are complementary in the sense that, adding the Lyα-F points reduces the contours around the minimum, meaning that the constraints are tighter and the D V (z) contours are also included by the r BAO (z) curves. The analysis of the perturbative regime for different DE models is a promising way for a better understanding of the cause of acceleration in the cosmic expansion. We will study the DE perturbations for the parametrization here introduced and its effect on the growth of structure in a next paper [49] .
Constant equation of state or CPL parametrization
The resulting constraints for an equation of state assumed to be either a constant, w, or given by the CPL parametrization, w(a) = w 0 + (w 0 − w i )(1 − a), ( [16] , [17] ) are displayed in Tables VII-IX . The value of both h and Ω m were kept fixed to the central values of Planck (table 4 of [11] ). For simplicity, in Tables VII-IX we denoted by w 0 both the value of the equation of state when it was assumed to be constant and also the present value of w(z) when the CPL parametrization (equation 4) was used.
We can see that our parametrization is a better fit to the three sets of observational data than a constant equation of state or a CPL parametrization since the value for χ 2 is bigger for the latter than for the model introduced in 3.
V. Conclusions
We presented a parametrization for the equation of state of the Dark Energy and found the constraints deduced by using the BAO measurements contained in Tables I (r BAO (z) ) and II (D V (z)). The parametrization introduced (3) includes the widely used CPL parameterization ( [16, 17] ) as a particular case when z t = q = 1, but it allows TABLE IV: Best Fit Values for the fitted parameters when we used data points of r BAO including Lyα-F measurements. χ 2 represents the minimum value for the chi-squared function, χ 2 red = χ 2 /ν is the reduced chi-squared function where ν stands for the free degrees of freedom and M is the number of parameters to be constrained. The free parameters of the proposed EoS, w 0 , w i , q, z t , are reported with their respective 1σ error limits. Ω m and h represent the central value for Ω m and h, respectively. for a richer physical behavior. In particular, this parametrization represents a fluid which performs a transition from a high redshift value w i to its present value w 0 at a given epoch, denoted by z t and modulated by the value of the exponent q.
As we have already mentioned, our main interested lied in studying the low redshift regime where the DE component starts to dominate the expansion of the Universe and so we chose the BAO distance measurements. Given the importance of this regime, a large amount of incoming measurements using galaxy redshift surveys will be available in the future ( [39] [40] [41] [42] [43] ). By looking at the values for the χ 2 function reported in the three tables summarizing our results and from Figure 2b as well, we conclude that our parametrization is a good fit to the observational data and the fitting is better that using a constant EoS, w, a cosmological constant, Λ, or the CPL parametrization. The values for the reduced chi-squared function, χ 2 red , are smaller than unity for the "r BAO 9" results, in which case we see that the number of additional free parameters introduced is compensated with the number of data points available.
In particular, when the "r BAO 9" set of measurements was used along with Planck priors (outcome labeled as "BAO+ Planck 1σ" in Table IV ) we found that an EoS with w 0 = −0.91, w i = −0.62 with a steep transition (q= 9.95) at z T = 1.16 was the best fit to the data (χ 2 =2.85 and χ 2 red =0.95). When we use either the "r BAO 7" set or the "D V (z)" points, the fit is still better than assuming ΛCDM, a constant EoS or the CPL parametrization (see tables IV-VI and VII-IX), but the extra free parameters are not compensated by the number of data points. The scenario q = z T = 1 was included with 1σ of statistical significance in the following models: the "BAO + Planck" and "BAO + Planck 1σ" from Table IV , "BAO Ωm " and "BAO + Planck Ωm " from Table V and "BAO + Planck" from Table VI . We found smaller confidence contours, i.e., tighter constraints, for the parametrization 3 (labeled as "w q " for brevity) than when we assumed ΛCDM in the h−Ω m space, as can be seen in figures 5. The use of BAO data alone prefers a higher Ω m and lower h value, as shown in Figure 6 , when compared to the priors from Planck. To summarize, the study of dynamics of Dark En- (Table II) were used and the EoS was assumed to be either a constant, w, or given by the CPL parametrization.
coming from the analysis of BAO distance measurements in the low redshift regime with and without Planck priors.
For the perturbative analysis with background Dark Energy we solved numerically the following differential equation: This results show us that, even when considered only at a background level, the presence of DE modifies the evolution of the matter perturbations and a deeper analysis will be subject of a next paper [49] . Tables IV, V and VI, respectively.
